The preservation of a graft's aberrant left hepatic artery (LHA) during liver transplantation (LT) ensures optimal vascularization of the left liver but can also be considered a risk factor for hepatic artery thrombosis (HAT). In contrast, ligation of an aberrant LHA may lead to hepatic ischemia with the potential risk of graft dysfunction and biliary complications. The aim of this study was to prospectively analyze the impact on the surgical strategy for LT of 5 tests performed to establish whether an aberrant LHA was an accessory or a replaced artery, thus leading to the design of a decisional algorithm. From August 2005 to December 2016, 395 whole LTs were performed in 376 patients. Five parameters were evaluated to determine whether an aberrant LHA was an accessory or a replaced artery. On the basis of our decision algorithm, an aberrant LHA was ligated during surgery when assessed as accessory and preserved when assessed as replaced. A total of 138 anatomical variants of hepatic arterial vascularization occurred in 120/395 (30.4%) grafts. Overall, the incidence of an aberrant LHA was 63/395 (15.9%). The LHA was ligated in 33 (52.4%) patients and preserved in 30 (47.6%) patients. After a mean follow-up period of 50.9 6 39.7 months, the incidence of HAT, primary nonfunction, early allograft dysfunction, biliary stricture or leaks, and overall survival was similar in the 2 groups. In conclusion, once shown to be an accessory, an LHA can be safely ligated without clinical consequences on the outcome of LT.
Among the postoperative complications that can jeopardize the outcome of liver transplantation (LT), hepatic artery thrombosis (HAT) has always been the most fearsome. The incidence of HAT reached 12% in an early report and fell to 1.2%-6% in more recent reports. However, HAT is still associated with an 83% rate of retransplantation and a mortality rate of 11%-56%. (1) The liver receives its total arterial inflow from the hepatic branch of the celiac axis in 45%-75% of patients. (2) (3) (4) The most common hepatic artery (HA) variants are a left hepatic artery (LHA) originating from the left gastric artery, a right HA arising from the superior mesenteric artery, or both. (5, 6) The aberrant LHAs are defined as accessory if the left liver (or its part) is vascularized by the main LHA and as replaced when the arterial inflow is only from the aberrant LHA. Jones and Hardy found that 19% of liver grafts had a LHA variant; overall, 15% of the grafts had an aberrant LHA originating from the left gastric artery or the splenic artery, whereas in 4%, the aberrant LHA emerged from the gastroduodenal artery (GDA) or the aorta. (7) Abbreviations: AST, aspartate aminotransferase; AUC, area under the curve; CT, computed tomography; EAD, early allograft dysfunction; ERCP, endoscopic retrograde cholangiopancreatography; FFP, fresh frozen plasma; GDA, gastroduodenal artery; GGT, gammaglutamyl transpeptidase; HA, hepatic artery; HAT, hepatic artery thrombosis; HBV, hepatitis B virus; HCV, hepatitis C virus; INR, international normalized ratio; ISGLS, International Study Group of Liver Surgery; LHA, left hepatic artery; LT, liver transplantation; MELD, Model for End-Stage Liver Disease; PNF, primary graft nonfunction; TB, total bilirubin; PRBC, packed red blood cells.
Left or right anomalous hepatic arteries can be either an accessory or replaced; unfortunately, at procurement, it is impossible to ascertain to which of these 2 different categories the anomalous artery belongs because the intrahepatic branches cannot be explored. (8) Concern for interrupting a potentially replaced artery leads to the preservation of these anomalous arteries; however, in many patients, preserving these vessels involves some risk for the patency of the arterial anastomosis.
In fact, the main strategies to preserve an aberrant LHA during transplantation are to anastomose the coeliac axis of the liver graft to the HA of the recipient or to reimplant the LHA on the stump of the GDA of the graft itself. Performing the anastomosis on the coeliac artery often results in an excessive arterial length, which predisposes to arterial kinking; besides, the diameter of the celiac axis is usually wider than that of the native HA. On the other hand, anastomosis between 2 tiny vessels, such as the aberrant LHA and the GDA, carries a high risk of thrombosis at the anastomotic site that can progress into the HA. (9, 10) The need for aberrant artery reconstruction and excessive anastomosis (kinking) length are indeed the 2 main surgical risk factors for the development of HAT. (11) In theory, intrahepatic shunts between the arterial beds of the left and right liver should make it possible to ligate the aberrant LHA without significant clinical consequences; in practice, LT surgeons often struggle to preserve aberrant LHAs as the safety of ligating these vessels has never been investigated.
Grafted liver is more exposed to ischemic injury than native liver because of the presence of a terminal circulation that is not replaceable by the perihepatic arterial supply. Reconstruction of the aberrant LHA during LT ensures optimal vascularization of the left liver but can also be considered a risk factor for HAT. In contrast, ligation of the aberrant LHA may lead to hepatic ischemia with a potential risk of graft dysfunction and biliary complications. (12) (13) (14) Despite the relevance of this issue, very little has been reported about the possible management of aberrant LHAs to date.
To optimize the management of aberrant LHAs during LT, we designed an algorithm to define whether the aberrant LHA was an accessory or a replaced artery. The aim of the present study was to prospectively analyze the effect of 2 different strategies (ligation versus preservation of the LHA) based on that algorithm.
Patients and Methods
From August 2005 to December 2016, 395 consecutive, single-institution, whole-graft LTs were performed in 376 patients. Liver grafts were all procured from donation after brain death; all anatomical variants of the HA were recorded in a prospectively kept database.
A standard technique was used for whole liver procurement. (15) LTs were performed in 357 (90.4%) patients preserving the vena cava of the recipient by using the 3 hepatic veins of the recipient for the outflow reconstruction (piggyback technique) and in the other 38 (9.6%) patients excising the retrohepatic vena cava (conventional technique). The graft was revascularized through the portal vein, and HA connections were subsequently performed; the time interval between the portal and the arterial revascularization was recorded and defined as the arterial ischemia time. The biliary reconstruction was performed with choledochocholedocostomy in 377 (95.4%) patients and with Roux-en-Y choledochojejunostomy in 18 (4.6%) patients.
Aberrant LHAs were ligated during LT when it was demonstrated that they were accessory based on the results of 5 tests that were performed and in accordance with the decision algorithm shown in Fig. 1 . Conversely, those LHAs that were considered replaced following the tests were preserved by anastomosing the coeliac trunk of the graft with the common HA of the recipient or reimplanting the replaced LHA on the GDA of the graft.
The 5 parameters that were evaluated to determine whether the aberrant LHA was an accessory or a replaced artery were as follows (Table 1): 1. Measurement of the diameter of the aberrant LHA: the artery was considered replaced when it was wider than 3 mm (Fig. 2 ). 2. Evidence of backflow from the GDA at the back table: perfusion fluid was injected into the coeliac tripod while the common HA was clamped immediately before the origin of the GDA. The evidence of substantial backflow from the GDA indicated the presence of intrahepatic shunts, and thus the aberrant LHA was considered accessory (Fig. 3 ). 3. Evidence of arterial backflow from the aberrant LHA after arterial reperfusion at LT: the aberrant LHA was considered accessory when substantial arterial backflow was observed after anastomosis between the common HA of the graft and the recipient was completed and the graft was revascularized. The arterial backflow was distinguished from the portal backflow because it was pulsatile and the blood had the typical arterial color. 4. Ischemic liver demarcation after the revascularization of the common HA indicated that the aberrant LHA was a replaced artery. The first 2 parameters were assessed at the back table during the graft cold preservation phase, whereas the other 3 parameters were evaluated after HA revascularization. If the first 2 parameters suggested that the aberrant LHA was accessory, only the vascular reconstruction between the common HA of the graft and the common HA of the recipient was performed in the first instance. After revascularization, we performed the subsequent 3 tests to obtain confirmation of the accessory nature of the aberrant LHA. If these tests confirmed our hypothesis, the aberrant LHA was ligated. If these 3 tests indicated that the aberrant LHA was dominant, then the LHA was preserved.
On the basis of the algorithm, if the first 2 tests suggested that the aberrant LHA was dominant, the artery was preserved by performing an anastomosis between the coeliac trunk of the graft and the common HA or by reimplanting the LHA on the GDA of the graft. The 3 parameters that could be assessed only after reperfusion were not considered in these patients.
The main perioperative details of the patients who underwent ligation of the accessory LHA (LHA ligated group) were compared with the details of the patients whose accessory artery was preserved (LHA not-ligated group).
The study was approved a priori by the Ethical Committee of the Regione Marche (number 2017-527). To investigate the graft's functional recovery in the early postoperative period, serial measurements of aspartate aminotransferase (AST), international normalized ratio (INR), total bilirubin (TB), and gamma-glutamyl transpeptidase (GGT) were recorded immediately before LT and during the first 7 days after surgery.
The arterial ischemia time was defined as the time between the end of portal anastomosis and the end of arterial anastomosis.
Primary graft nonfunction (PNF) was defined as the primary failure of the graft soon after graft reperfusion without an obvious cause that led to retransplantation or death of the patient in the first postoperative week.
Early allograft dysfunction (EAD) was diagnosed in the presence of 1 or more of the following postoperative laboratory values: bilirubin 10 mg/dL on day 7, an INR 1.6 on day 7, or an alanine aminotransferase or AST level > 2000 IU/L within the first 7 days. (16) HAT was defined as a complete thrombotic occlusion of the HA after LT (11, (17) (18) (19) (20) ; this was diagnosed using arterial liver Doppler ultrasound and confirmed using contrast-enhanced computed tomography (CT) and/or hepatic arteriography.
Biliary strictures were defined as abnormal narrowing of the common bile duct that required an invasive treatment, such as endoscopic retrograde cholangiopancreatography (ERCP), percutaneous transhepatic drainage, or surgery. The biliary strictures were divided into "anastomotic" and "nonanastomotic"; the first type was defined as a segmental narrowing at the site of anastomosis, and the second type occurred at any location in the biliary tree except the anastomotic region. (21) According to the International Study Group of Liver Surgery (ISGLS), bile leakage was defined as bilirubin concentration in the drain fluid at least 3 times the serum bilirubin concentration on or after postoperative day 3 or as the need for radiologic or operative intervention resulting from biliary collections or bile peritonitis. (22) The radiological diagnosis was performed by cholangiography along the T-tube and percutaneous transhepatic or ERCP.
A T-tube cholangiography was routinely performed 1 week after the LT and after 6 months at the time of T-tube removal. Arterial liver Doppler ultrasound was performed daily in the first week after the LT, every 2 days for the period of hospitalization, and then monthly for the first year.
STATISTICAL ANALYSIS
Continuous data are reported as the mean 6 standard deviation and were compared using a 2-sided Student t test for normally distributed parameters. Continuous data that were nonnormally distributed are described as the median (range) and were compared using the Wilcoxon-Mann-Whitney test. 
Results
There were 138 anatomic variants of hepatic arterial vascularization that were observed in 120 of the 395 (30.4%) grafts. Of these variants, 71 (18%) were represented by an aberrant right HA that arose from the superior mesenteric artery in 67 patients and from the aorta in 3 patients. In 4 (1%) patients, the proper HA originated from the superior mesenteric artery (hepatomesenteric trunk). Sixty-three (15.9%) variants were NOTE: Data are given as n (%), median (range), and mean 6 standard deviation. The P value was calculated between the 2 aberrant LHA groups.
represented by an aberrant LHA that arose from the left gastric artery in 61 patients and from the splenic artery in 2 patients. We observed no patients in whom the aberrant left liver artery was the unique artery of the graft. Parameters 1-2 were in agreement in 59/63 (93.7%) patients; in the 4 patients in which the tests were not in accordance, we assumed that test 2 was the most significant. Tests 3-5 were always in accordance with one another. In 34 patients, parameters 1-2 were in keeping with defining the LHA as an accessory, but in 2 of these patients, parameters 3-5 were consistent with the dominant nature of the artery, which was then preserved.
In 1 patient, an aberrant LHA considered replaced was ligated due to the impossibility of performing a satisfactory arterial reconstruction; the patient did not experience any complication.
Overall, the LHA was ligated in 33 (52.4%) patients and preserved in the other 30 patients (47.6%).
When the aberrant LHA was preserved, the coeliac trunk was anastomosed to the HA of the recipient in 21 (70%) patients, whereas the aberrant LHA was anastomosed to the stump of the GDA of the graft in 7 (23.3%) patients and with the splenic artery of the graft in 2 (6.7%) patients.
The main preoperative data from the recipients and donors in the 2 study groups in patients with and without aberrant LHA are shown in Table 2 . No significant differences were found in the preoperative parameters between the 2 study groups.
With regard to the intraoperative data, the surgical time was shorter in the Table 3 ).
In the LHA ligated group, a single arterial anastomosis was performed in 31 (93.9%) patients versus 13 (43.3%; P < 0.001) in the LHA nonligated group.
In the postoperative course, no significant differences were found between the study groups in the PNF, EAD, HAT, biliary leak, or anastomotic biliary stricture (Table 4) .
Two patients with HAT were observed, 1 in each group. The HAT in the LHA-ligated group occurred the day after LT and was documented with Doppler ultrasound followed by CT scan and angiogram. Liver retransplantation was successfully performed on postoperative day 2, and the patient is currently alive and well. The HAT in the group where the LHA was preserved occurred 2 days after transplantation; in this case, the arterial anastomosis at transplantation had been performed between the celiac tripod of the graft and the HA of the recipient. The patient underwent successful emergency surgical revascularization; at surgery, the thrombosis was related to the excessive length of the HA that resulted in a kinking of the vessel. The revascularization was obtained using an aortohepatic iliac conduit. The patient died 8 months later due to posttransplant lymphoproliferative disorder; the graft's function however was satisfactory.
There was no difference in the AST, TB, and GGT values in the first week after LT between the 2 groups, whereas INR was significantly lower in the not-ligated group (P 5 0.005; Fig. 4) . However, INR values were significantly lower also before transplantation in the not-ligated group (P 5 0.004).
The incidence of nonanastomotic biliary strictures was significantly lower in the LHA ligated group than in the nonligated group (3% versus 20%; P 5 0.047).
After a mean follow-up of 50.9 6 39.7 months, the 1-, 3-, and 5-year overall survival rates in the LHA ligated group were 87.8%, 87.8%, and 78.5%, respectively, compared with 83.3%, 83.3%, and 76.4% in the LHA nonligated group (P 5 0.88). 
Discussion
Anomalies in the anatomy of the HA of a graft are frequently found during LT; in particular, an aberrant LHA can be found in nearly 20% of grafts. The surgical management of an aberrant LHA is a relevant issue. However, no data are available in the literature regarding possible strategies to avoid complications resulting from the preservation or ligation of this vessel at the time of LT. The decision to interrupt the arterial blood flow of an aberrant LHA could hypothetically result in dangerous complications, such as HAT, PNF, EAD, and biliary stenosis or leakage.
On the other hand, sparing a LHA involves the use of the coeliac trunk as the site of the single anastomosis, which can result in an excessively long graft artery or in a discrepancy in the size between the 2 vessels that are anastomosed (the diameter of the celiac trunk is usually wider than that of the HA); alternatively, an additional anastomosis can be performed between the LHA and the gastroduodenal or the splenic artery of the graft if the main anastomosis is performed between the HA of the graft and the HA of the recipient. Neither of these strategies is free from downsides.
In fact, an excessively long vascular reconstruction results in kinking, a condition that predisposes to thrombosis, whereas the number of arterial reconstructions and anastomoses and the warm ischemia time have been reported in several studies as independent risk factors for the development of HAT. (1, 9, 14, 23, 24) Multiple anastomoses result in longer warm ischemia times and in more surgical sutures; each arterial suture causes an irregular arterial lumen morphology and endothelial surface damage that may trigger platelet adhesion and eventually thrombosis. (9) In our center, we decided to ligate an aberrant LHA when it was assessed as accessory. Our hypothesis was that the abundance of intrahepatic arterial shunts between the right and left arteries could provide an adequate arterial flow to the area supplied by the accessory LHA. Thus, the ligation of the accessory artery should not increase the incidence of postoperative complications while it allows an optimal tailoring of the length of the artery.
We considered 5 parameters, 2 of which resulted from dynamic tests, to classify an aberrant LHA as replaced or accessory. The ligation or maintenance of an aberrant LHA was based on these parameters and tests. The utility of 3 of these parameters (cold and warm backflow and Doppler ultrasound) was demonstrated in the setting of living donor LT. (25) (26) (27) No increase in the rate of HAT in patients undergoing ligation of an accessory LHA was observed in this study. According to our protocol, the accessory LHA could be ligated to avoid kinking, additional anastomosis, technical complexity, and a higher risk of thrombosis.
Ligation of an accessory LHA and subsequent partial arterial ischemia might influence liver function in the early postoperative period. However, in our study the majority of the liver function tests were similar in the 2 groups. Besides, ligation of the LHA did not increase the rates of PNF and EAD that were in accordance with previous reports in the literature. (16, (28) (29) (30) (31) The arterial supply of the extrahepatic bile duct depends only on the HA, particularly from its right branch. Because of the variability of individual microvascularization, whether vascularization of the left lobe can affect the extrahepatic biliary system is unknown. Generally, biliary complications after LT range between 24.5% and 58% and represent an important cause of morbidity, mortality, and graft loss. (32, 33) The most frequent of these complications is biliary stricture (11%-68.4%), whereas the incidence of biliary leakage ranges between 8% and 31.6%. (34) (35) (36) Partial or complete arterial ischemia of the liver, which could be hypothetically promoted by an aberrant LHA ligation, can lead to ischemic lesions, resulting in a biliary leak, bile duct stenosis, and liver abscess. (18, 37) However, in our experience, ligation of the left accessory HA did not result in an increased incidence of biliary complications.
Interestingly, although the anastomotic strictures were similar in the 2 groups, nonanastomotic strictures were lower in the LHA ligated group. This difference may be due to a shorter arterial ischemia time between the 2 groups, as previously described by others. (38) In 1 patient, the decision algorithm was not applied because the reconstruction of a replaced LHA was not technically feasible, and thus the LHA was ligated. Notably, the recipient of that graft did not experience any complications during the postoperative period. This observation may suggest that the arterial flow in the left liver could be maintained through intrahepatic shunts even in those patients where the LHA is a replaced artery.
The operative time in general and the arterial ischemia time in particular were significantly shorter in the group of patients who underwent ligation of an accessory LHA compared with the LHA nonligated group, probably due to the lower technical complexity of the arterial anastomosis when it is performed using the graft HA and no additional reconstructions are required. The ligation of the aberrant LHA did not affect overall survival, which was similar in the 2 study groups. Additionally, no difference in the length of the hospital stay was observed between the 2 groups. In our series, there were no lesions of aberrant LHA at the harvesting nor to the back table. However, the decision to ligate or preserve an injured aberrant LHA can be taken according to our diagnostic/therapeutic algorithm.
With regard to 2 of the end points evaluated in this study, namely, HAT and PNF, there was a major limitation represented by the low number of events in both groups, which could create a b error.
In conclusion, we provide some evidence that an aberrant LHA that is demonstrated to be accessory can be safely ligated. Because there is a lack of conclusive evidence, a cautious approach is to preserve those LHAs that are dominant. Further studies are necessary to validate our results and to evaluate the outcome of ligation of replaced LHAs.
